The initial report by Grant et al. [1] that variants in the TCF7L2 gene are strongly associated with risk of developing type 2 diabetes has now been robustly reproduced in many other populations. In fact, variants in this gene contribute more powerfully to the risk of developing type 2 diabetes than any other gene identified to date (see also [2] ).
Since the population-attributable risk is also substantial, we need to understand whether the TCF7L2 variants are causally related to type 2 diabetes, and if so, what the pathogenetic mechanisms are.
The phenotype of individuals carrying the susceptibility variants seems to be slightly at odds with the typical individual at risk, in that the BMI is reduced relative to non-risk variants rather than increased. Virtually all reports have shown impaired insulin secretion following a glucose tolerance test, although the degree of insulin sensitivity has not been stringently defined. Using the minimal model analysis following an IVGTT in non-diabetic at-risk individuals, Damcott et al. [3] found both impaired insulin secretion and reduced insulin sensitivity. Additional studies characterising the phenotype in detail with sensitive techniques will enhance our understanding of the functions of TCF7L2.
Do the TCF7L2 variants have different functions?
The fundamental question of whether the genetic variants have functional consequences has not yet been answered. The identified variants are in the introns rather than in the coding regions. However, this may still lead to functional consequences in terms of protein stability and/or expression of alternatively spliced variants. This lack of information, combined with insufficient in-depth phenotypic characterisations of non-diabetic carriers of the risk variants, makes the pathogenetic mechanisms speculative. However, the well-known fundamental biological action of TCF7L2 and the available information on its role in insulin secretion, adipose tissue development (and, thus, a link to BMI) and insulin sensitivity can provide us with insight into potential mechanisms.
TCF7L2-a critical component of WNT signalling and action TCF7L2, also known as TCF-4, is a nuclear receptor for CTNNB1 (previously known as β-catenin), which in turn mediates the canonical WNT signalling pathway. The WNT signalling pathway is critical for normal embryogenesis, cell proliferation and motility, as well as cell fate determination. Mutations in different molecules involved in WNT signalling have been identified in several cancers, and other disruptive mutations are associated with decreased bone mass [4, 5] . WNT signalling is also critical for the normal self-renewal of stem cells, as well as in regulating myogenesis and adipogenesis [6, 7] . In addition, tightly regulated WNT signalling is required for the normal development of the pancreas and islets during embryonic growth [8] . Figure 1 schematically summarises the canonical (β-catenin-related) WNT signalling pathway. WNTs are ligands secreted by different cells; 19 WNTs have been identified, illustrating the complexity of this signalling pathway, as well as its potential for specificity. WNTs bind to FZD (previously known as Frizzled) and lipoprotein-related protein (LRP) receptors, which, in turn, prevent glycogen synthase kinase 3β (GSK3B) from phosphorylating β-catenin, thereby preventing its degradation and increasing the cellular levels of this activator. In the absence of secreted WNTs, β-catenin is rapidly phosphorylated by GSK3B and degraded. In the presence of WNTs, the increased β-catenin binds to the nuclear receptor TCF7L2, which then leads to its activation and subsequent induction of many different genes and proteins involved in cell proliferation and differentiation. It is obvious, considering the profound effects of WNT signalling, that this pathway needs to be tightly regulated. Figure 1 also shows the involvement of calpains in regulating the cellular β-catenin levels. Genetic variations in the CAPN10 gene (previously known as calpain 10) have previously been found to be associated with type 2 diabetes [9] , but the mechanisms for this are unclear. Calpains are a family of intracellular proteases that are involved in the regulation of the cell cycle and apoptosis. Interestingly, it was recently reported that the calpain system plays an important role in regulating cellular β-catenin levels and, thus, is also involved in the WNT signalling pathway [10] .
How is WNT signalling related to type 2 diabetes?
There are several known mechanisms for the involvement of WNT signalling in both insulin secretion and action, as well as in cell differentiation and maturation.
WNT signalling through the TCF7L2 nuclear receptor has been shown to be critical for glucagon-like peptide-1 (GLP-1) secretion by the intestinal endocrine L-cells [11] . Thus, an alteration in this pathway could lead to a reduced secretion of GLP-1 which, in turn, could have consequences for both the insulin secretion following a meal and the generation of new beta cells from the ductal precursor cells. The consensus finding that the TCF7L2 risk variants are associated with a reduced insulin secretion supports such a possibility. This obviously can, and should be, tested through careful phenotyping, with GLP-1 measurements of well-matched non-diabetic individuals carrying or not carrying the risk genotypes. Mice in which the Tcf7l2 gene has been completely ablated die shortly after birth. Fig. 1 Schematic representation of the canonical WNT signalling pathway, which is fundamental for growth and development. Secreted WNTs bind to FZD and LRP receptors, which, in turn, inactivate the degradation complex consisting of AXIN, DVL and GSK3B. β-Catenin is then not phosphorylated by GSK3B and degraded. Instead, it binds to the nuclear TCF7L2 receptors, thus activating more than 60 different genes involved in regulating growth and differentiation, as well as GLP1 expression and secretion by L-cells and, possibly, also in the brain. Calpain has been shown to promote β-catenin degradation through mechanisms that are at present unclear Interestingly, however, they lack a proliferative compartment in the crypt regions between the villi in the small intestine [12] , supporting the possibility of a defect in the development of the GLP-1-secreting L-cells.
However, the recent finding [13] that the TCF7L2 gene is also expressed in human pancreas, in apparent contrast to murine models [11] , suggests direct effects on normal beta cell insulin secretion or, more likely, beta cell growth and differentiation from the precursor cells.
How is WNT signalling related to BMI?
WNT signalling plays a fundamental role in regulating adipogenesis and adipose cell differentiation [7] . Unless WNT signalling is inhibited, committed preadipocytes will not differentiate into mature adipose cells. In contrast, lossof-function mutations in the WNT signalling cascade leads to rapid recruitment and growth of preadipocytes. Recently, an apparent mutation of a WNT protein (WNT10B) was described in a family characterised by severe obesity [14] , further linking this pathway to metabolic disorders. Thus, potentially increased WNT signalling in carriers of the TCF7L2 risk variants could be expected to influence adipose tissue growth and development and, thus, BMI.
The fundamental importance of an active WNT signalling on preadipocyte maturation is shown in Fig. 2 . When committed preadipocytes are exposed to cytokines such as IL-6 or TNF-α at the early stage of development, i.e. before WNT secretion and signalling is inhibited, these cytokines promote WNT activation to different degrees, thus allowing the development of partially differentiated (IL-6) or completely undifferentiated (TNF-α) cells [15] . In contrast, the cells change their phenotype and become proinflammatory, while the induction of adipokines enhancing insulin sensitivity (e.g. adiponectin) is markedly reduced [15] . It would be very interesting to examine WNT signalling in the adipose tissue of individuals carrying the TCF7L2 variants and also to examine circulating levels of adiponectin, proinflammatory factors and other adipokines.
Although the study by Grant et al. [1] provides the most convincing link between the WNT signalling pathway and type 2 diabetes, it is not the only study to make this connection. Kanazawa et al. [16] reported that genetic variants in WNT5B, another gene involved in the noncanonical WNT signalling pathway, were associated with type 2 diabetes in the Japanese population. Interestingly, overexpression of WNT5B in preadipocytes was also found to have a marked effect on the differentiation process [16] .
In conclusion, the scientific community has been provided with a new opportunity to understand pathogenetic mechanisms leading to type 2 diabetes. Provided that the TCF7L2 risk variants have important functional consequences, this experiment of nature has taught us that abnormalities in WNT signalling are involved in yet another major human disease. Understanding the mechanisms could provide us with new tools for both the identification and treatment of type 2 diabetes.
